In addition to physical barriers between the site of application and the nucleus, a number of functional barriers inherent to the DNA itself are critically influencing successful gene transfer. Human artificial chromosomes (HACs) are presently constructed to understand how chromosomes work and which sequence elements are required for stability and function. [1] [2] [3] [4] [5] [6] Ultimately, HACs could become a safe and efficient gene transfer tool circumventing DNA-induced cell cycle arrest, replicative loss, integrative repair, and silencing. 7, 8 In a series of HAC transfection experiments we recently established that the inclusion of large genomic DNA (100 kb) capped by telomeric repeats improves the de novo formation of HACs based on cloned centromere DNA, making HAC formation more efficient than the conventional procedure to obtain stable clones via integration into host chromosomes (Schindelhauer et al, in preparation) . In order to further develop HACs, it would be advantageous to include a reporter gene to initially identify all cells which are successfully transfected with low copy numbers of the constructs, and subsequently determine the fraction of cells having formed artificial chromosomes. EGFP is a valuable reporter in living cells with a sensitivity comparable with that of common in vitro reporter systems. [9] [10] [11] In order to assess applicability of a simple EGFP gene construct based on the 'strong' constitutive CMV promoter, the EGFP coding sequence, and the SV40 poly adenylation signal, we analyzed fluorescence in several , and 10 5 molecules ( Figure 1) .
Regardless of the human lung sarcoma cell line HT1080, the immortalized lung epithelial cells 16HBE14oϪ, 14 or primary human fibroblasts were injected, at least 10 3 copies were required to detect fluorescence in a large fraction (>30-50%) of injected cells. Between 10 3 and 10 5 copies, the intensity of green fluorescence increased substantially from faint to bright green ( Figure 1b ). This copy number-dependent fluorescence was largely established 2 h after injection and approached full levels after 6-16 h, indicating that simple presence of plasmids and background expression rather than a cell cycle dependent process cause the signals. Cell cycle arrested cells, obtained either by serum starvation (for 20 h) or with the replication inhibitor L-mimosine (500-800 M), 15 resulted in a similar detectabilty (Table  1) , although increased numbers of dying cells presenting auto-fluorescence and rounded cells with brighter appearance complicated comparison.
Of the untreated cells, HT1080 showed highest survival and expression rates of up to 90%, as determined by counting the fraction of green cells after 16 h (or 40 h) from injecting 10 5 molecules of pEGFP ( survival rates were similarly high using 10 5 and 10 6 copies, and the lower pEGFP dilutions contained nonexpressing pUC19 carrier plasmid (to keep viscosity and plasmid load constant and to avoid loss of single molecules due to association with surfaces), similarly high survival rates were also expected for the low copy number groups. Control experiments in HT1080 cells using pEGFP dilutions without pUC19 carrier revealed an unchanged detectability, ruling out any effect of simple plasmid load on transient expression (at least between 10 2 and 10 5 molecules). Thus, in this setting any toxicity of high doses of prokaryotic DNA seems to be irrelevant. The primary fibroblasts and immortalized 16HBE14oϪ cells showed survival and expression rates of 68% and 78%, respectively, as averaged from at least four independent injection series, likely due to technical differences like sensitiveness to mechanical stress, plasticity of cells, or blockage of the tip. For similar reasons we anticipate variability of the injection volume which might result in large differences of numbers of expressing cells within lower copy number groups (resulting in either faint or undetectable signals), but which should be irrelevant within higher copy number groups (resulting in either green or dead cells).
Although signal intensity of the 10 3 -10 5 rows increased dramatically, the number of fluorescent cells changed only moderately, demonstrating that early transient expression levels are largely additive and not dependent on a statistical process acting on single molecules only. Such processes would be expected to be much less likely within the lower copy number groups. Accordingly, the most frequent distance between two expressing cells which has proven to be a suitable parameter to exclude segments of unsuccessful injections (blocked tip) appeared to be the same within all the expressing groups (Figure 1b) . Therefore, it seems likely that the majority of cells from the lowest copy number groups also expresses the reporter, but never approaches the detection threshold. Interestingly, within the 10 2 group, a few cells showed faint fluorescence, whereas the majority of injected (and surviving) cells did not give rise to detectable expression. Injection of 10 or 1 copy virtually never resulted in green cells. PCR reactions using EGFP primers and appropriate dilutions deduced from the injection solutions gave products with 10, but not with 1 copy (Figure  1c ) which is in agreement with normal sensitivity of PCR in our laboratory. The data clearly indicate that presence of few plasmid copies is not sufficient to transiently express detectable levels. In an attempt to lower the detection threshold we tried immuno-staining using anti-GFP antibody (Santa Cruz Biotech, Santa Cruz, CA, USA) on fixed cells, however sensitivity was grossly unchanged.
Within all copy number groups with detectable fluorescence, a minority of up to 10% of cells presented much stronger fluorescence, resulting in few cells of the 10 3 group with an intensity comparable to the majority of cells in the 10 5 group. Interestingly, such rare activators were never observed in any copy number group using serum-starved fibroblasts supporting the hypothesis of expression activation being dependent on progression through the cell cycle. However, serum starvation also reduced the number of surviving and expressing fibroblasts from 68% to 39% (10 5 copies) making interpretation difficult. In an attempt to check whether integration into In each series, six rows of 100 cells per copy number group were injected on a 30 mm cell culture plate. Throughout the experiments included in the table, the same pEGFP-N1 dilutions (kept at 0°C without freezing) were used.
a host chromosome (usually involving amplification) is required for the rare activation to occur, we applied G418 selection. 16 A total of 1600 cells (mainly human primary fibroblasts and HT1080) injected with 10 3 -10 5 circular plasmids and 1000 cells injected with linear plasmids did not result in stable clones. Linearized plasmid (BsaI; New England Biolabs, Frankfurt, Germany) generally gave the same overall picture in terms of detection level, fluorescence intensity, and number of rare activators, although resulting in somewhat fewer surviving and expressing cells (57% of circular). Since injection of as few as 400-500 cells (HT1080) with low copy human artificial chromosome constructs usually leads to stable clones (data not shown), 2 intra-nuclear injection can be compatible with subsequent cell division and long-term survival. The data clearly contradict the hypothesis that the majority of activators represent stable clones, but cannot exclude the possibility that stable clones would be amongst activators.
We have injected defined numbers of the common EGFP reporter plasmid into the nucleus of various cell types. Our data clearly show that single copies of this simple reporter system are unsuitable to early detect DNA transferred to the nucleus. Unlike expression plasmids which require large numbers to transiently express sufficient amounts of a therapeutic protein, human artificial chromosomes aim at a stable expression from, and inheritance of, low copy constructs. To develop transfer systems avoiding construct overload which might be disadvantageous for cell cycle progression, more sensitive reporter systems are required. For the development of gene transfer protocols in general, the data support the notion 17 that detection of a reporter gene can be poor, even if moderate numbers of constructs have been successfully transferred to the nucleus.
